Introduction
The incidence of fall-related hip fractures in elderly people is a major concern for national health care systems worldwide, being associated with excess mortality within the first year 1 . These patients often experience a severe reduction in functionality: 40-70% have deficiency in the performance of daily-life activities 2 , 73% require assistance with their instrumental activities at home 3 , 50% are not capable of ambulating independently 4, 5 , while only approximately 40% regain their pre-fracture level of independence 6 . Furthermore, hip fracture represents a key risk factor for new falls in these patients, including recurrent hip fractures 6 . According to the terminology of the Classification of Functioning, Disability and Health (ICF), functionality is a broad term that embraces the body's functions and structures while taking account of specific activities (performance of tasks) as well as social participation (involvement in real life situations) the highest possible level of independence. There are welldesigned physiotherapy interventions that aim to increase the strength of key muscle groups of the lower limb after hip fracture, so as to improve static and dynamic balance and enhance functionality [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . There is increasing evidence that strategies focusing on increasing hip abduction strength are related to improvements in indicative functional parameters, such as lateral balance control, dynamic balance 17, 19 , independent gait 9 and self-reported mobility 9, 18 , and could potentially reduce the frequency of falls 20 . However, those studies did not attempt to model the relationship between hip abductor strength and functionality using specific statistical techniques, such as multivariable regression analysis. Such analysis could have been used to derive a more accurate prediction of the effects that hip abductor strength may have on the patient's functionality. In addition, an understanding of these issues could help towards more effective physiotherapy strategies to be implemented in the postoperative period, in order to improve long-term functional outcomes and hence the quality of life of elderly hip-fracture patients.
The purpose of the present study was to explore the possible relationships between hip abductor strength and patients' functional capacity after a 3-month physiotherapy programme. In addition, our aim was to quantify possible interrelations in a predictive model of strength-to-functional outcomes for hip-fractured patients. It was hypothesized that the isometric strength of abductors is related to the functional performance of hip-fractured patients.
Materials and methods

Study design and setting
This was a cross-sectional study involving hip-fractured patients who had completed a postoperative three-month physiotherapy intervention aimed at strengthening the abductor muscles (Appendix 1).
The study was conducted in accordance with the ethical principles stated in the Declaration of Helsinki and its amendments for medical research involving human subjects 21 . The General Assembly of Special Synthesis of the National and Kapodistrian University Medical School of Athens, Greece and the Scientific Research Council of the "KAT" General Hospital of Attica, Athens, Greece approved the protocol of the present study. The study conformed to the "Strengthening the Reporting of Observational studies in Epidemiology" (STROBE) statement for reporting cross-sectional studies 22 . All participants had undergone hip hemiarthroplasty through Hardinge's direct lateral approach. The physiotherapy intervention was initiated on the second postoperative day and lasted 12 weeks, the first week on an in-patient basis then home-based for the remaining 11 weeks. A modification of the rehabilitation protocol of Papathanasiou et al 23 was implemented in all cases (Appendix 1). The same physiotherapist carried out the physiotherapy intervention during hospitalization and at home, being responsible for the progress of the program and ensuring the patient's adherence to it. During hospitalization, individual sessions lasting approximately 30 minutes were performed on a daily basis. Following discharge, the rehabilitation programme continued at home, three times per week until the 12 th postoperative week. The duration of the home sessions was initially 30 minutes and increased to a maximum of 50 minutes. If a patient cancelled a session for personal or medical reasons, the physiotherapist changed the appointment so that the patient would still complete three sessions per week.
To represent the strength of hip abductors, the isometric strength of the fractured hip and the hip strength asymmetry (HSA), expressing the ratio of abductor strength in the fractured versus the contralateral hip, were defined as "independent variables". Functional outcomes were set as the "dependent variables". The patients' functional capacity was assessed using the objective performance-based Timed Up & Go (TUG) test 24 and the Greek version of the self-reported Lower Extremity Functional Scale (LEFS-Greek) 25, 26 . In order to optimize the practical application of the study's findings, age, sex and body mass index (BMI) were explored as possible covariates, as they may confound the relation between strength and functionality [27] [28] [29] [30] . All measurements were made by the same examiner, who was not involved in any part of the rehabilitation program.
Participants
One hundred ten patients who sustained a fall-related hip fracture were recruited prior to surgery and invited to participate in the study. Patients were highly motivated to participate in the study for the following reasons: a) they were encouraged to participate by the operating surgeon; b) following discharge, the rehabilitation programme 4 The total score of the Greek version of the Lower Extremity Functional Scale.
continued at the patient's home, making it easy to comply; and c) patients who participated in the study received the physiotherapy treatment free of charge -an important factor in view of the current financial crisis in Greece.
The study sample consisted of individuals aged 70 to 84 years, who declared themselves to be community dwellers on hospital admission. To be eligible, individuals also had to have a BMI between 19 kg/m 2 and 30 kg/m 2 and should not have undergone previous orthopaedic surgery on the fractured or the contralateral hip. The patients who fulfilled these inclusion criteria and followed a 3-month physiotherapy programme, whose aims included abductor strengthening, were included in the study. Upon acceptance, participants gave their written informed consent; their demographic and personal characteristics were then recorded ( Table 1) .
Independent variables (predictors)
Abductors' isometric strength
The strength of the abductor muscles of the fractured hip was quantified by measuring maximum voluntary isometric contraction using a handheld dynamometer (Dial PushPull Gauge, USA. ICC: 0.899 95%CI:0.764-0.959) 30 . For isometric strength measurement, with the patient supine, the dynamometer was mounted 2 cm above the lateral femoral condyle, with the device stabilized against a wall. The examined limb was in neutral position. The participants performed two voluntary isometric contractions, each for 2 to 3 s, with a resting interval of 1 minute. The higher value of the two voluntary isometric contractions, measured in Newtons, was recorded.
In order to calculate the HSΑ, the isometric strength of the contralateral limb abductors was also measured. An HSA of 100% indicate that the isometric strength of the abductors in the fractured hip equalled the abductor strength of the contralateral hip.
Dependent variables (functional outcomes)
Timed Up & Go test
The TUG test was used to assess participants' functionality. This test was introduced in 1991 as a modification of the "Get-Up and Go" test 24 . It is a simple, rapid, and widespread clinical tool for the measurement of the functionality and mobility of the lower limbs 32 . The TUG test measures the time (in seconds) taken by a participant to stand up from an armed chair with a seat height of 46 cm, walk for 3 m, turn around a cone and return to sit on the same chair. Participants were asked to perform the test as quickly as they could while still feeling safe, and were allowed to use the walking aid on which they depended at the time of measurement. The TUG test was performed so that the contralateral limb was closer to the cone at the turn 17 . The participants performed the test twice, with a 5-minute resting interval in between. The faster of the two performance times was recorded.
Lower extremity functional scale Self-perceived functional ability was assessed using the LEFS 33 , a functional status evaluation tool that aims to investigate the degree of difficulty an individual experiences in performing everyday tasks 33 . It has been shown to be a valid, reliable, and responsive measure of patients' functional limitations after hip arthroplasty 34 and after hip fracture 35 . The questionnaire has 20 items; each item is scored on a 5-point Likert scale from 0 to 4. Answers are summed and reported as a score (0-80), with higher scores reflecting greater self-perceived functional ability 33 . In the present study, the reliable 24 and valid 26 Greek version of the LEFS questionnaire (LEFS-Greek) was used.
Statistical analysis
Using a two-sided hypothesis test with a significance level of 0.05, it was estimated that a sample size of 96 participants would achieve 90% power to detect a difference of 0.28 between the null hypothesis correlation coefficient of 0.25 and the alternative hypothesis correlation coefficient of 0.53 between the variable "isometric strength of the fractured hip" and the TUG test performance time or the LEFS-Greek total score.
All quantitative variables (age, BMI, abductor isometric strength and HSA, TUG test performance time and LEFS-Greek total score) were expressed as mean ± standard deviation (SD), while categorical variables were represented as frequencies and percentages (%). The Kolmogorov-Smirnov test was used to examine the normal distribution of the quantitative variables. Bivariate analysis was performed to determine the relation between the selected variables before they were entered into the regression model. Pearson's correlation coefficient was used for the analysis of TUG test performance time, while Spearman's correlation coefficient was used to evaluate LEFS-Greek total score.
Multivariable regression analysis was used to investigate the cross-sectional association between hip abductor strength and functional capacity. The models included age, sex, BMI, abductor isometric strength and HSA as independent predictors, while TUG test performance time and LEFS-Greek total score were the dependent variables. The selected variables were included in a multiple linear regression model, using the enter method to determine the influence of independent predictors on dependent variables. The association between independent variables and outcome variables was evaluated in terms of the magnitude of the R 2 value. All assumptions of linear regression analysis (homoscedasticity, linearity, normality and independence of error terms, as well as multicollinearity of independent variables) were met.
All tests were two-sided, a p-value of <0.05 was used to denote statistical significance. All analyses were carried out using the statistical package SPSS v. 17.00 (Statistical Package for the Social Sciences, SPSS Inc., Chicago, III., USA).
Results
Descriptive and outcome data
Data collection continued until the number of participants required by the power calculation had been reached. As a result, the study lasted from April 2012 until November 2015 overall. One hundred and ten hip-fractured patients were assessed for eligibility. Four patients declined to participate, six were excluded because within a short time after hospital discharge they would return to the island where they permanently resided, and four did not complete the 3-month physiotherapy intervention. Finally, the data from 96 participants (24 men and 72 women) were analysed. The mean age of participants was 77.53 years (70-84) and the mean value of their BMI was 26.73 kg/m 2 (21.30-29.80) ( Table 1) . At the end of the 3 rd postoperative month, the mean value of the isometric strength of the abductors of the fractured hip was 73.44 N (±15.57 N) and the HSA was 78.27% (±2.06%). As regards functional outcomes, the mean TUG test performance time was 17.60 s (±3.64 s) and the mean LEFS-Greek total score was 32.67 (±7.08) ( Table 1) .
Main results
Bivariate analysis showed a high negative correlation between the isometric strength of the abductors of the fractured limb and TUG test performance time, and between HSA and TUG test performance time (Pearson's correlation coefficients: -0.881 and -0.810, respectively; p<0.001). A moderate positive correlation with LEFS-Greek total score was found for abductor isometric strength of the fractured limb (Spearman's correlation coefficient: 0.668; p<0.001) and a low positive correlation for HSA (Spearman's correlation coefficient: 0.404; p<0.001) ( Table 2) . Correlations between confounding factors (age, BMI) and functional outcomes are also presented in Table 2 .
Isometric strength of abductors of the fractured limb (n=96)
To examine the contribution of the isometric strength of the abductors of the fractured limb to functional outcomes, the data from 96 patients were analysed, with no violation of any assumptions of the linear regression model implemented.
In multivariable regression analysis using the enter method, all independent variables accounted for 79 accounted for 79.0% of the variance in TUG performance time, with abductor strength being the strongest significant predictor (Table 3, Figure 1a ). Sex and BMI did not significantly influence the above dependent variables ( Table 3 ). The final equation for the predictive model linking abductors' isometric strength of the fractured limb, age and TUG test performance time is shown in Figure 2a (R 2 =0.790). Likewise, the isometric strength of the abductors of the fractured limb (Beta coefficient ± SE: 1.209±0.148; p<0.001; R 2 =0.401) and age (Beta coefficient ± SE: -0.516±0.122; p<0.001; R 2 =0.094) accounted for 49.5% of the variance in LEFS-Greek total score, with abductor strength again being the strongest significant predictor (Table 3, Figure1b) . Sex and BMI did not significantly influence the above dependent variables ( Table 3 ). The final equation for the predictive model linking abductors' isometric strength of the fractured limb, age and LEFS-Greek total score is presented in Figure 2b (R 2 =0.495).
Hip strength asymmetry (n=93)
To examine the contribution of the HSA to functional outcomes, the data from 93 patients were analysed; three cases were excluded from the analysis as outliers.
Using the enter method, all independent variables accounted for 70.0% of the variance in TUG test performance time [R 2 =0.700; F(4.88)=51.00, p<0.001] Figure 3a) . The final equation for the predictive model linking HSA, age and TUG test performance time is shown in Figure 2c (R 2 =0.697).
Similarly, HSA (Beta coefficient ± SE: 2.255±0.339; p<0.001; R 2 =0.287) and age (Beta coefficient ± SE: 0.597±0.132; p<0.001; R 2 =0.132) accounted for 41.9% of the variance in LEFS-Greek total score, with HSA again being the strongest significant predictor (Table 4, Figure  3b ). Sex and BMI did not significantly influence the above dependent variables (Table 4 ).The final equation for the predictive model linking HSA, age and LEFS-Greek total score is presented in Figure 2d (R 2 =0.419). 
Discussion
The present study examined the correlation between the strength of hip abductor muscles and the functional capacity of hip-fractured patients after a 3-month physiotherapy programme using multivariable regression analysis. The results showed that the isometric strength of the abductors of the fractured limb, the HSA and the age of the participants were -in descending order according to the magnitude of R 2 values -significant predictors that strongly influenced and enhanced the functional outcomes. All these independent variables had strong negative correlations with TUG test performance time, and moderately strong positive correlations with the self-reported LEFS-Greek total score; the combination of age with either isometric strength or HSA was able to predict a major proportion of the variance of TUG test performance time and a considerable proportion of LEFS-Greek total score. The isometric strength of the hip abductors of the fractured limb proved to be the most robust predictor of the functional outcomes measured, with age having only a small though significant contribution.
This study offers new insights into the progress of postoperative recovery in hip-fractured patients. The study's regression equations could be used in similar patient populations to predict their TUG test performance time or LEFS-Greek total score at the 3rd postoperative month, based on the isometric strength of their hip abductor muscles. In practical terms, this could be important for the early identification of hip-fracture patients who are at high risk of functional decline, so that appropriate strategies for acute-care rehabilitation may be implemented promptly.
To our knowledge, this is the first study to quantify the interrelations between hip abductor muscle strength and postoperative functional measures in a predictive model applicable to hip-fractured patients. Very few post-intervention studies have explored the relationships between lower limb muscle strength and various aspects of functionality, such as sit-to-stand 9 , walking speed 11, 16, 19 , stairclimbing speed 11, 15 , TUG test performance time 19 , or selfreported functional ability 9, 11, 15 , indicating that lower limb muscle strength is significantly associated with functional capacity. Nevertheless, all mentioned studies have focused on knee extensors 11, 19 , or on the overall strength of lowerextremity muscles 9, 17, 18 , but not on hip abductor strength. The isometric strength of knee extensors has been found to be a significant predictor of TUG test performance time and functionality in hip-fractured patients 19 . However, as regards the results of our study, the isometric strength of hip abductors appeared to be a stronger predictor of functional capacity than that of knee extensors, explaining a wider variance of the TUG test performance time. The need for adequate lateral body stability and dynamic balance while a person is performing a TUG test may increase the importance of hip abductor muscle strength, since the abductors are a key muscle group related to gait and balance 17, 19, 20 . Thus, it seems that the isometric strength of hip abductors is a very strong indicator of functional ability and has considerable clinical impact.
In our study, participants with stronger hip abductor muscles completed the TUG test faster and, based on the LEFS-Greek total score, they had a greater capacity to carry out daily-life activities than those with weaker hip abductor muscles. It is broadly known that hip abductors, as frontal plane muscles, play an important role in bipedal stance and during gait 36 . These muscles are essential for controlling the head and the arms, stabilizing the trunk and hip during ambulation, controlling limb alignment, and transferring forces from the lower extremities to the pelvis 37 . They further allow a proper swing foot placement after the swing phase 38 . More specifically, there is a significant positive correlation between the strength and power of hip abductor muscles and the trunk-pelvis mediolateral balance control in the one-leg stance 18 , the bipedal stance 39 and the independent gait 10 . Clinically, the aforementioned hip abductor muscle activations are fundamental to the performance of demand and/or ordinary functional activities 40 . On the other hand, an increasing interest in lateral control is emerging, given that impairments in this domain are thought to increase the risk of falls 20, 41 . Recent findings of nonlinear gait analysis even suggest that gait stability in the frontal plane is of great interest for predicting fall risk 41, 42 . Furthermore, it has been reported that lateral and posterolateral falls have greater potential for hip injury, including hip fractures, than falls in other directions [43] [44] [45] . In hip-fractured patients the insufficient strength and power of hip abductor muscles, which may already exist as a normal consequence of aging but are worsened by the trauma of surgery 46 , usually result in serious limitations of dynamic balance 47 . Hence, these patients might not respond adequately to lateral perturbations that require postural responses of the hip or a stepping strategy to avoid falling 20, 48 . Given the existing strong relationship between abductor strength and functionality, clinicians may consider a possible need for a more targeted and tailored physiotherapy intervention focused on hip abductor muscles, in order to improve rehabilitation strategies, to prevent mobility limitation, to optimize gains in physical function, to prevent future falls, second fractures, hospital readmissions and surgery, and finally to increase life expectancy.
It is worth noting that the correlation values between all independent variables and the TUG test performance time were higher than the respective values for the LEFS-Greek total score. This could be explained by the fact that TUG test is an objective performance-based assessment, while LEFS-Greek is a self-reported evaluation tool with an element of subjectivity. Moreover, it has been suggested that performance-based physical tests and patient-reported questionnaires measure different domains of functionality and disability 49 .
The multiple linear regression model we used included sex and BMI as confounding factors, since they have been found to be related to muscle strength and functionality 50, 51 . However, in our study sex did not significantly influence the interrelations between abductor strength and patients' functional level. In contrast, Cheng et al 50 have reported that muscle strength and functionality decrease earlier in female than in male patients. In addition, our results indicated that BMI did not influence the dependent variables we examined. This may be explained by the fact that the highest BMI value recorded was 29.80 kg/m 2 ; no obese patients participated in our study. In line with our findings, Ferrano et al 51 have shown in elderly people that a BMI≥30 kg/m 2 is associated with higher levels of lower-body disability.
The present study has both strengths and limitations. The design of the physiotherapy intervention, with initial in-hospital treatment followed by a continuing homebased exercise programme with the physiotherapist present, resulted in high compliance. The home-based programme afforded the opportunity to build a personal relationship between physiotherapist and patient, resulting in more effective individualization of treatment and better patient adherence. The homogeneity of the study's population, the adequate size of the sample, the thorough examination of all possible relationships between the selected independent variables, covariates, muscle strength and functional outcomes of hip-fractured patients added power to our results.
On the other hand, there are important limitations that have to be mentioned. Because of limited equipment availability, the measurement of hip abductor isometric strength was used as the main indicator of muscle capacity; thus, it was not possible to record other assessments of hip abductor strength, such as maximum torque, endurance, or total work. However, it has been reported that the measurement of isometric contraction is an objective indicator of muscle capacity and is able to detect alterations in muscle strength around the knee and hip region 52, 53 . This form of muscle testing is often used in clinical practice and research to assess the progress and effectiveness of orthopaedic patients' rehabilitation 54 . In our study, the patients were invited to participate after their admission to the hospital for hip fracture surgery; hence, there was no way to measure abductor isometric strength in the fractured or contralateral hip prior to surgery or before the start of the physiotherapy intervention. The study's sample population consisted of community-dwelling individuals, who belong to the high-functioning band of hip-fracture patients. Therefore, it must be underlined that the observed pattern of association between hip abductor strength and functional outcomes could not be generalized to all hip-fractured patients. It would be interesting to investigate how well our predictive regression model performs in future studies involving hip-fracture patients with weaker or stronger hip abductor muscles, and different levels of independence, comorbidities or cognitive impairments. Additionally, in order to further investigate the association between hip abductor strength and functionality, the use of more independent variables or covariates, such as walking speed or quadriceps strength, should be included in the multivariable regression analysis.
In conclusion, the results of the present study show that hip abductor isometric strength was a main predictor of functional capacity, being strongly and directly associated with a faster TUG test performance time and a better LEFSGreek total score. These findings highlight the importance of the integration of targeted exercise programs that focus on hip abductor strengthening in order to achieve optimal clinical outcomes, to promote recovery and maximize functional ability after a hip fracture. 
